Introduction
The continuously stricter pollutant emission regulations have forced researchers for decades to develop advanced combustion systems [1] [2] [3] [4] [5] [6] . The literature identifies two primary means to achieve lower emissions. The first one is a well designed flow pattern to determine the local equivalence ratio in the flame, which is commonly referred to as dry low emission (DLE) combustion system [7] . The currently analyzed burner is a lean premixed prevaporized (LPP) one, which belongs to the DLE family. The second method is adding external fluid to the reaction zone (e. g., steam, water, N 2 , CO 2 ), which is called wet emission control. In the present paper, the two mentioned methods are combined by applying steam as an atomizing medium in an atmospheric LPP burner, which is originally designed for air blast operation.
Plenty of studies investigated water or steam injection techniques [4, [8] [9] [10] [11] [12] , but this method is uncommon in the state-of-the-art combustion systems. Typically, water-fuel -------------- emulsion improves the atomization characteristics since the lower boiling point of the water leads to micro-explosions and results in a finer fuel spray [8, 13] . This method is utilized in several land-based power generating gas turbines in order to keep the emission of NO x below the threshold. In industrial boilers where the steam generator is already present, steam injection to the combustion zone is more prevalent [10, 11] . Furuhata et al. [4] concluded that the most efficient burner configuration for steam addition from the NO x emission point of view is neighborhood of the atomizer.
It is known for wet emission control that the effective thermal NO x reduction requires a water-to-fuel ratio on the order of one, which is usually limited by an unacceptable increase in CO emission. Hence, the typically applied water-to-fuel ratio is 0.8-1.2 [12] . Consequently, the steam-to-fuel ratio of 0.54-1 was applied for steam blast atomization in the present paper. Thus, the H 2 O content of the exhaust gas would be approximately double than that of the air blast case, considering diesel oil firing. Zhao et al. [14] numerically analyzed a counter-flowing air-methane reactor with and without steam addition. They found less CH and N radicals and more OH radicals comparing the two cases due to the dissociation of the H 2 O. De Jager et al. [15] found a significantly lower atomic oxygen concentration at 2000 K adiabatic flame temperature by adding steam, leading to less NO x production.
At laboratory scales, planar laser-induced fluorescence is commonly applied for flame diagnostics. It is often combined with particle image velocimetry to investigate the flame-vortex-acoustic interactions, see, e. g., [16] [17] [18] . However, the state-of-the-art development of online flame monitoring methods focuses on the application of flame emission spectroscopy (FES) due to its low cost and robustness [19] [20] [21] [22] [23] [24] [25] [26] [27] [28] [29] . The theoretical framework of FES for equivalence ratio monitoring was developed for laminar premixed flames, especially for methane-air flame [24] [25] [26] [27] [28] [29] . Despite to this fact, it is also applicable to turbulent flames at industrial scales [19] [20] [21] . Interestingly, only a few papers discuss FES of liquid fuel combustion. However, most of them investigate reciprocating engines [30] [31] [32] , but not steady--operating turbulent flames.
In the present paper, air-to-fuel equivalence ratio, λ, is used instead of the more common fuel-to-air equivalence ratio, ϕ. For determining λ, the chemiluminescence emission of typically OH*, CH*, CO 2 *, C 2 *, or an entire spectrum in the UV-VIS range is measured [24] . Mostly the CH*/OH* is used for determining the local fuel-to-air equivalence ratio since it shows a power law relation with both ϕ and operational pressure [20, 26, 27] . Furthermore, the mass flow rate of the premixed fuel was found to be proportional to the chemiluminescence intensity [20, 26, 27] . Therefore, it is less important to test a burner at different loadings at the same λ and so it is neglected in the presented measurement series.
Generally, there are a lot more papers on atmospheric combustion experiments than on measurements at elevated pressure. Their reason is that if the combustion performance is satisfactory at lower pressures, the situation will only improve at elevated pressures [7, 33] . It is in line with the experiments of Higgins et al. [26, 27] .
The novelty of the present paper is the spectroscopic analysis of a steam blast burner, which is absent from the technical literature, according to the best knowledge of the authors. The same test series were carried out by air blast atomization for comparison reasons. Furthermore, the investigated flame is an entirely turbulent one, which is widely applied in practical combustion systems, e. g., gas turbines, boilers, and furnaces. Kun-Balog and Sztanko [34] have investigated the same burner from pollutant emission point of view, also the current paper presents the corresponding FES analysis.
Details of the measurement

Measurement configuration
The core of the measurements was an LPP burner, shown in fig. 1 . It is identical to those that are used in the Capstone C-30 micro gas turbine. The diameter of the mixing tube is 26.8 mm, and its length is 75.5 mm. It has four circular and fifteen rectangular holes. The latter ones have 45° inlet angle in order to swirl the combustion air. The fuel enters through the inner pipe (0.4 mm internal diameter). The plain jet atomizer is concentric with that (0.6 mm inner and 1.6 mm outer diameter).
Figure 2(a) shows the atmospheric test rig. The combustion air was delivered by a fan equipped with a frequency inverter. A rotameter (3-30 m 3 /h measurement range, 2.5% accuracy class according to VDI/VDE 3513) was used for monitoring the volumetric flow rate of the combustion air. Then the combustion air was heated up to 400 °C in a relay-controlled preheater by four 1000 W heater filaments. For steam blast atomization, two PID-controlled 1.5 kW electric heater tubes boiled the water to produce the 200 °C temperature superheated steam. Water consumption was measured with a second scale (identical to the aforementioned one). Naturally, distilled water was used during the experiments to avoid contamination in the tiny nozzle of the atomizer. Since flame stabilization was not achieved with the original burner, a subsequent diverging nozzle was necessary to achieve stable combustion, shown in fig. 2(b) . Similarly, the diverging nozzle was used during air blast atomization as well. More details about the measurement system can be found in the literature [34, 35] .
Measurement conditions
In the present study, experiments were performed at three atomization gauge pressures: 0.35, 0.7, and 1.0 bar based on the findings of Kun-Balog and Sztanko [34] . The utilized fuel was standard diesel oil (according to EN 590:2014) with a constant 0.35 g/s mass flow rate for each case, which is equal to 15 kW combustion power. The target λ was 1.15 in the mixing tube that remained constant during the measurements. Hence, combustion airflow rate was 20.8 kg/h. In the case of steam blast atomization, there were higher mass flow rates present in the mixing tube in order to maintain the same λ. The mass flow rate of combustion air was reduced to maintain a constant λ in the mixing tube while the atomizing pressure was increased. The ambient temperature was 20 °C, which was required for the correction of the rotameters.
The FES measurement
A fixed spectrometer was used for the FES measurement. The focal length of the 20 mm diameter quartz objective was fixed at 0.5 m. It establishes a line-of-sight measurement with 5 mm in diameter at the focus. The spectrometer has an S3904-1024Q type n-channel metal-oxide semiconductor field-effect transistor detector. The investigated spectral range was 260-580 nm (UV-VIS, 0.3125 nm wavelength resolution). While the detector has a non-uniform voltage-wavelength characteristics, the results may differ from that of the literature as other researchers preferred charge-couple device detectors [19] [20] [21] [22] [23] [24] [25] [26] [27] [28] [29] . Typically, no further information is provided regarding their sensitivity correction. However, the measured intensities presented in the current paper were corrected based on the sensitivity characteristic of the detector given by the manufacturer. The integration time was set to 100 ms. The intensity of 64 data sets, hence 6.4 seconds, were averaged at each measurement point. Currently, chemiluminescence emission of OH*, CH*, and C 2 * excited radicals are being investigated at 309, 430, and 516 nm, respectively. The wavelength calibration of the spectrometer was carried out with an Avantes AvaLight mercury-argon lamp, achieving R 2 of 0.999997. Furthermore, it is assumed that the uncertainty of the spectral intensity is unity. The combined expanded uncertainties are shown in the respective figures. Finally, the uncertainty of the positioning system of the spectrometer is 1 mm both horizontally and vertically. Further details of the spectrometer can be found in the literature [36, 37] .
Results and discussion
Three recorded chemiluminescent intensity spectra are presented in fig. 3 , which were recorded above the burner lip. The three most intense peaks correspond to OH*, CH*, and C 2 * at 309, 430, and 516 nm, respectively. However, the rest of the paper deal with only λ = 1.15, a rich flame spectrum at λ = 0.7 is also shown in fig. 3 for comparison reasons. Only steam blast atomization at 1 bar atomization gauge pressure and air blast atomization at 0.35 bar atomization gauge pressure are indicated while other measured spectra fell in between them at λ = 1.15. However, at λ = 0.7 the appearing soot particles superpose a nearly black body emission characteristic starting from 400 nm. It is clear that at λ = 1.15 the spectra are free from such an effect. Consequently, there is no need for further spectrum correction due to the presence of soot.
Air blast atomization resulted in Reynolds number of 8550 in the mixing tube at λ = 1.15. As for the steam blast configuration, 0.35, 0.7, and 1 bar atomization gauge pressure resulted in Re = 8992, 9206, and 9375, respectively. The application of a mixing tube and a subsequent diffusor after it ensured a flame with roots inside the tube. The calculated adiabatic flame temperature was 1941 °C for air blast atomization and 1857, 1820, and 1792 °C for the steam blast atomization cases at 0.35, 0.7, and 1 bar atomization gauge pressures, respectively, by neglecting the entrained ambient air. To retain the adiabatic flame temperature at constant in such a situation, the inlet steam temperature of 1500 °C would be required while steam has higher specific heat than air. Obviously, it was out of the capabilities of the measurement system. However, e. g., by applying diluents it is possible to maintain the same adiabatic flame temperature, the current investigation focuses on the changeover of atomizing medium from air to steam at constant λ and similar swirl number.
Intensity maps
At each atomization pressure value, both steam and air blast atomization were examined horizontally at thirteen points and vertically at nineteen points, with 5 mm spacing in both directions. For post-processing, linear interpolation was used on the contour plots to show a better visual representation. Each plot was halved vertically and joined together with a halved photograph to improve the understanding and interpretation of the observed flame structure, as shown in figs. 4, 5, and 6. The intensity range was set from 0-700 in all plots, except the steam blast and air blast atomization cases at 0.35 bar atomization gauge pressure. Therefore, in fig.  4 (b) the maximum value was set to 1300 units. Figures 4, 5 , and 6 neglect the background noise correction arising mainly from CO 2 *, but the dark current correction was performed. This intermediate analysis shows qualitative information only. However, this step is often skipped in the literature showing only the fully corrected data sets, see, e. g., [22] [23] [24] . The analysis of the fully corrected intensity ratios is discussed in chapter Investigation of intensity ratios.
At 0.35 bar atomization gauge pressure, all the OH*, CH*, and C 2 * chemiluminescence intensities were lower in the steam blast atomization cases compared to those of the air blast ones, as shown in fig. 4 , probably due to the lower adiabatic flame temperature. Furthermore, the flame was bluish and fewer flares were observed. A possible explanation for this phenomenon is the enhanced heat transfer rate near the atomizer due to the condensing steam on the surface of the droplets, leading to more homogeneous combustion.
The results of the steam blast and air blast atomization at 0.7 and 1 bar atomization gauge pressures are shown in figs. 5 and 6. The OH* and CH* chemiluminescence intensities were relatively similar while C 2 * and chemiluminescence intensity gradients were remarkably lower in the steam blast cases. The latter observation points out that the reaction rates were also lower, which can be explained by the differences in the above calculated adiabatic flame temperatures. 
Investigation of intensity ratios
Chemiluminescence intensity ratio plots are not shown because the signal-to-noise ratio (SNR) drastically decreased in the horizontal direction which was expected due to the large gradients in the temperature and the excited radical concentrations. Vertically, the chemiluminescence intensities decreased in a remarkably lower extent. However, at 32.5 mm axial distance, the SRN become unity, and it increased further. Consequently, the investigated region is 2.5-27.5 mm downstream from the burner lip.
In the upcoming part, the best position for the spectrometer is investigated. There is no doubt that it should point at the axis of the burner. As for fluid fueled burners, the downstream distance of the control volume from the burner lip is not evident. The centrally injected droplets can be present in the near field of the axis even after the lip, hence, quenching the flame [23] . Figure 7 presents the corrected chemiluminescence intensities of OH*/CH*, OH*/C 2 *, and CH*/C 2 *. As for CH* and C 2 * correction, intensity values at 450 nm and 528 nm were simply subtracted, similarly to the work of Docquier et al. [29] . The error bars indicate the uncertainty at 95% level of significance.
The OH*/CH* and OH*/C 2 * chemiluminescence intensity ratios increase and become even more divergent with increasing axial distances. The previous one shows relatively similar chemiluminescence ratio of OH* and CH* just above the lip while the latter shows the closest ratios at 12.5 mm downstream from the lip. It can be stated that steam blast atomization at 1 bar gauge pressure is less sensitive to the sampling place. The SNR at 27.5 mm axial distance remains below 25% in each case, and it decreases to 6.5% at the flame root quadratically. The CH*/C 2 * chemiluminescence intensity ratio is the most promising one whilst it showed only slightly descending characteristics generally with the growing axial distance for both air and steam blast atomization cases.
The mentioned flame quenching effect by the presence of fuel droplets proposed by Muruganandam et al. [23] have not exactly been observed in the current measurement series, possibly due to the mixing tube of the burner and a subsequent diverging nozzle after it. With increasing atomization pressure, both OH*/C 2 * and CH*/C 2 * chemiluminescence intensity ratios are lower in the air blast atomization cases and as an opposite, they are growing with increasing atomization pressure in the steam blast cases. As for air blast atomization, the reason could be the lower droplet sizes and hence lower evaporation timescales along with enhanced mixing, leading to more intense volumetric reactions at higher atomization pressures. The H 2 O molecules can dissociate at high temperatures to H and O atoms which react in fast processes with the precursor radicals of C 2 * thus reducing its concentration and so the intensity of its chemiluminescence [14] . As the atomization pressure increases, more steam is injected. Hence, the described effect lowers the C 2 * intensity in a greater extent.
The analysis of the chemiluminescence intensity ratios of radicals reveals a strongly decreasing SNR with increasing axial distance, therefore installing a sensor too far from the burner lip may lead to poor results. Despite the analysis was carried out at 15 kW firing power, at higher performances the flame shape had the same height and width (not shown here), which is in agreement with the measurements of Kang et al. [38] . Therefore, the position of the spectrometer is as satisfactory at idle conditions as it is at full load if the combustion is fully turbulent, which is typical in most of the industrial-scale applications. Based on the measurement results, a chemiluminescence-based equivalence ratio sensor is recommended to be placed close to the lip of the burner to ensure a reliable operation and appropriate SNR.
Conclusions
An experimental analysis was conducted to measure and compare the steam blast atomization and air blast atomization of standard diesel oil in an atmospheric, LPP burner at 15 kW firing power by FES. Spatial contour plots of OH*, CH*, and C 2 * chemiluminescence of the flames were presented. Along the axis, OH*/CH*, OH*/C 2 *, and CH*/C 2 * corrected chemiluminescence intensity ratios were analyzed. Based on the measurements, the following conclusions can be derived.
• Steam blast atomization resulted in lower adiabatic flame temperature compared to air blast atomization. Therefore, the chemiluminescence intensity was generally reduced. The reduction of C 2 * is not proportional to the reduction of OH* or CH* intensities. The more steam was added with steam blast atomization and the more significant decrease was observed.
• The diesel oil operated LPP burner resulted in no observable sign of quenching effect of droplets, as it was mentioned by Muruganandam et al. [23] .
• The axial position of the spectrometer above the burner is critical: OH*/CH* and OH*/C 2 * are quite sensitive to it. Furthermore, at the same air-to-fuel ratio the measurements resulted in diverging trends at different atomization gauge pressures with increasing axial distances. Interestingly, CH*/C 2 * showed quite low sensitivity to the axial position, which indicates the similar chemiluminescent intensity of these excited radicals concerning both atomization mediums. However, the SNR is decreasing in parallel with the axial distance quadratically.
